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Department of Chemical and Biomolecular Engineering, University of Illinois at Urbana-Champaign, Urbana, IllinoisABSTRACT Using small-angle x-ray scattering (SAXS), we investigated the phase behavior of mesophases of monoolein
(MO) mixed with additives commonly used for the crystallization of membrane proteins from lipidic mesophases. In particular,
we examined the effect of sodium and potassium phosphate salts and the detergent b-octylglucoside (bOG) over a wide range
of compositions relevant for the crystallization of membrane proteins in lipidic mesophases. We studied two types of
systems: 1), ternary mixtures of MO with salt solutions above the hydration boundary; and 2), quaternary mixtures of MO
with bOG and salt solutions over a wide range of hydration conditions. All quaternary mixtures showed highly regular lyotropic
phase behavior with the same sequence of phases (La, Ia3d, and Pn3m) as MO/water mixtures at similar temperatures. The
effects of additives in quaternary systems agreed qualitatively with those found in ternary mixtures in which only one additive
is present. However, quantitative differences in the effects of additives on the lattice parameters of fully hydrated mesophases
were found between ternary and quaternary mixtures. We discuss the implications of these findings for mechanistic investiga-
tions of membrane protein crystallization in lipidic mesophases and for studies of the suitability of precipitants for mesophase-
based crystallization methods.INTRODUCTIONLipidic mesophases are liquid crystalline phases that form
when certain lipids are mixed with water or aqueous solu-
tions. These mesophases have a characteristic internal struc-
ture comprised of ordered lipid bilayers and aqueous
channels. Depending on composition and temperature, mes-
ophases may form with different arrangements of bilayers,
referred to as phase types. Commonly observed phase types
in lipidic mesophases are lamellar La, inverse hexagonal
HII, and bicontinuous cubic phases. The latter are three-
dimensional (3D)-ordered liquid crystals that consist of
lipid bilayers with midplanes lying on infinite periodic min-
imal surfaces (IPMS) and an enclosed network of aqueous
channels (1), as first identified by Longley and McIntosh
(2). Bicontinuous cubic phases of Pn3m, Im3m, and Ia3d
symmetries corresponding to IPMS of double diamond
(D), primitive cubic (P), and gyroid (G) symmetries, respec-
tively, have been reported in lipid systems (1). Mesophase
formation has been observed in both synthetic and naturally
occurring surfactant or lipid systems (3,4). Small-angle
x-ray scattering (SAXS) is used to establish the phase
type and the size of the unit cell of the mesophase (the lattice
parameter) for all mesophase types.
Lipidic mesophases, especially those of the synthetic
lipid monoolein (MO) from the 1-monoacylglycerol family,
have been used extensively as matrices for crystallizing
transmembrane proteins (5–9). The lipid bilayers of the
mesophase provide a membrane-like environment for the
transmembrane proteins that reside in cell membranes ofSubmitted February 28, 2013, and accepted for publication September 6,
2013.
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conformation. The crystallization protocol consists of two
steps (7,10,11): 1), a detergent-stabilized protein solution
is mixed with a lipid in a predefined ratio to form a meso-
phase; and 2), a precipitant solution, typically containing
an inorganic salt with additives, is added to a protein-con-
taining mesophase to induce crystal nucleation and growth.
A bulk aqueous phase remains in coexistence with the mes-
ophase throughout the trial after this step, i.e., the overall
aqueous solution content in the mixture is above the hydra-
tion boundary of the mesophase (the onset of bulk aqueous
phase separation).
Both phase transformations and the properties of the mes-
ophase itself have highly important roles in mesophase-
based protein crystallization (12–18). Detailed information
about phase transformations in real, highly complex, multi-
component, multiphase crystallization mixtures would help
to enhance our understanding of crystallogenesis. MO/water
systems exhibit rich mesomorphism at temperatures rele-
vant for protein crystallization, with Pn3m, Ia3d, or Lames-
ophases forming depending on the hydration level and the
thermal history of the sample (19,20). Both detergents
(21–27) and salts (28–30), the two major nonprotein compo-
nents in crystallization mixtures, affect the phase behavior
of MO, but little has been done to explore their combined
effects (21). Furthermore, few studies (21–24,27) controlled
the MO/detergent ratio independently of the amount of
aqueous phase, at variance with the crystallization protocol.
The distributions of components between the phases in
the two-phase system, and in turn the properties of the
mesophase, are likely to depend on relative amounts of
mesophase and solution. However, little information is
available about the location of the hydration boundary inhttp://dx.doi.org/10.1016/j.bpj.2013.09.009
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experienced by the protein within the mesophase during
crystallization.
Here, we report an analysis of the phase behavior of MO
mesophases in the presence of the detergent b-octylgluco-
side (bOG) and sodium or potassium dihydrophosphate
solutions. These conditions are commonly used in the
crystallization of membrane proteins such as bacteriorho-
dopsin. We investigated two types of systems: 1), MOmixed
with salt solutions above the hydration boundary; and 2),
MO mixed with bOG and salt solutions in a wide range of
hydration conditions. In the latter studies, we analyzed
series of samples at constant bOG/MO ratios (RbOG/MO).
For a given value of RbOG/MO, the salt solution content in
the samples varied from 10 wt% to 80 wt%, covering a
range of conditions below and above the hydration bound-
ary. The phase types and the lattice parameters of all sam-
ples were established by SAXS. We discuss the trends in
observed phase behavior, the distribution of components,
and implications for membrane protein crystallization in
general.MATERIALS AND METHODS
Sample preparation
Homogeneous solid mixtures with fixed ratios of MO and bOG were pre-
pared gravimetrically. Target amounts of MO (99%; Sigma Aldrich,
St. Louis, MO) and bOG (Anagrade; Anatrace, Maumee, OH) were
weighed in a glass vial and dissolved in chloroform (R99.8%; Sigma
Aldrich). The solvent was removed under a stream of nitrogen gas. Solid
samples were dried in a desiccator under vacuum at room temperature
(21–23C) overnight.
Solutions of potassium dihydrophosphate (Sigma-Aldrich) and sodium
dihydrophosphate (EMD Chemicals, Billerica, MA) were prepared gravi-
metrically and adjusted to a pH of 5.5.
Mesophase samples containing solidMO or solid bOG/MOmixtures (the
lipidic part) and salt solutions (the aqueous part) were formulated gravimet-
rically in a coupled-syringe mixer (7) at 21–23C. The total mass of each
sample with 50–90 wt% of the lipidic part was ~40 mg. Samples containing
10-40 wt% of the lipidic part were prepared with ~15 mg of the lipidic part.
After mixing, the samples were dispensed into up to five borosilicate
glass capillaries (0.9 mm; Charles Supper, Natick, MA), depending on
the amount of sample available. Capillaries were sealed with Critoseal
(Leica Microsystems, Buffalo Grove, IL) and Quick-set epoxy (Henkel,
Rocky Hill, CT) to minimize water loss. Samples were stored at –12C
in the dark between sample preparation and data collection to further avoid
sample deterioration and water evaporation from the samples. This was
especially important for the samples analyzed at the Advanced Photon
Source (APS, Argonne National Laboratory, Argonne, IL), because they
had to be prepared up to 3 weeks in advance. All samples were frozen
at – 12C for at least 12 hr to ensure consistent thermal history.SAXS data collection and analysis
Prior to SAXS data collection, samples were equilibrated for at least 3 hr at
the data collection temperature. For samples prepared with 1.3M NaH2PO4
and studied at two temperatures, 20C and 25C, the samples were kept at
20C overnight and further equilibrated at 25C for 4 h prior to SAXS data
collection. Although freezing may affect the phase behavior of mesophasesat low temperatures by triggering the transition from a metastable to a
thermodynamically stable sequence of phases, metastability was not
observed for MO/detergent mixtures in the temperature range of interest
here (20–25C) (23). We verified that freezing did not affect the microstruc-
ture of the mesophases at 20–25C, and that the equilibration time
employed here was sufficient to obtain equilibrium mesophase microstruc-
ture after thawing.
We collected SAXS data for samples prepared with NaH2PO4 solutions
in a helium chamber using a rotating anode generator (M18XHF; Brucker,
Madison, WI) that supplied a Cu Ka (l ¼ 1.541838 A˚) radiation beam
through a pinhole collimator. Kb radiation was filtered out with a Ni filter.
A Highstar multiwire detector (Brucker) was used to collect the data.
Samples were mounted in a He chamber on an automated goniometer at
a sample-to-detector distance of 63.2 cm, calibrated using a silver behenate
standard (31). To prevent x-ray scattering by air, the chamber was continu-
ously purged with helium gas during data collection. Temperature was
maintained with the use of a custom-built, temperature-controlled sample
holder. Diffractograms were convolved and integrated in Bruker-SAXS
4.0 software (Bruker AXS, Karlsruhe, Germany). Phase assignments
were carried out based on the presence of characteristic sets of reflections
of lipidic mesophases (8,32) and were done in DIFFRACplus Topas 3
(Bruker AXS).
SAXS data for samples prepared with KH2PO4 solutions were collected
on beamline 21-ID-D at the APS with a beam energy of 8.048 keV. The
beamline was equipped with a microdiffractometer (MD2; MAATEL, Vor-
eppe, France) consisting of a goniometer, an XYZ micropositioner, and an
on-axis video microscope. For SAXS measurements, a vacuum flight tube
and an adjustable beam stop with an incorporated pin-diode were installed
between the sample and the CCD detector (MX300; Rayonix, Evanston, IL)
(33). Attenuation of the incident x-ray beam and exposure time were
adjusted to minimize radiation damage (34). Raw diffractograms were in-
tegrated in Fit2D software (v. 12.077, A.P. Hammersley, ESRF, 1994
(http://www.esrf.eu)). Phase assignments were carried out based on the
presence of characteristic sets of reflections for lipidic mesophases (8,32)
using a set of MATLAB scripts (R2008a, v. 7.6.0.324; The MathWorks,
Natick, MA).
Data analysis protocols are described in detail in the Supporting Material
with sample diffractograms (Figs. S1 and S2). Typically, three or four
SAXS measurements of different capillaries were carried out for each sam-
ple composition. Average values are used in all figures in this work. On
average, the standard deviations (SDs) of lattice parameters for a given
set of capillaries were 2.0 A˚, 1.1 A˚, and 0.16 A˚ for Pn3m, Ia3d, and La
phases, respectively.Validation of bOG/MO samples
To verify that the quality of the solid bOG/MO mixtures did not deteriorate
during the formulation of homogeneous detergent/lipid mixtures, we pre-
pared mesophase samples of identical overall compositions with 1), solid
bOG/MO mixtures and phosphate buffer solution (25 mM NaH2PO4,
pH 5.5); and 2), solid MO mixed with 5%, 10%, and 15% v/w solution
of bOG in the same phosphate buffer. The phases identified in samples of
identical compositions prepared by the two methods were identical. The
lattice parameters of cubic phases and lamellar phases differed by less
than 3 A˚ and 2 A˚, respectively. These differences may be attributed to
the inevitable slight deviations in the composition.RESULTS AND DISCUSSION
Below, we describe the effects of sodium and potassium
phosphate salts and the detergent bOG on the phase
behavior of MO mesophases. First, we investigate the effect
of salt concentration in solution on the lattice parameter ofBiophysical Journal 105(8) 1848–1859
1850 Khvostichenko et al.fully hydrated MO mesophases. Second, we report the com-
bined effects of phosphate salts and detergents on the phase
behavior of MO mesophases over a wide range of hydration
levels. We conclude by discussing the implications of our
findings for membrane protein crystallization and for
studies of crystallogenesis in meso.
To fully describe the composition of the multiphase
multicomponent mixtures studied here, we use several
compositional variables: csalt is the concentration of salt in
solution used for sample formulation, waq is the overall
weight fraction of salt solution in the sample, and 4aq is
the combined volume fraction of water and salt within the
mesophase. Because salt ions are not expected to partition
into lipid bilayers, 4aq reflects the volume fraction of the
aqueous compartments within the mesophase.MO mixed with salt solutions
Fig. 1 shows the lattice parameters of monoolein meso-
phases prepared with K and Na phosphate salt solutions of
0.7–2.0 M in the range of waq values of 40–80 wt%. All
mesophases in these systems were of the Pn3m type and
all samples contained excess aqueous phase. Both K and
Na salts caused the lattice parameter of the mesophase to
decrease with increasing salt concentration, csalt, in quanti-84
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FIGURE 1 Lattice parameters of Pn3m mesophases containing MO and
Na or K phosphate salt solutions as a function of salt concentration csalt for
different overall loadings of the salt solution in the sample waq (40, 50, or
80 wt%). (A and B) Samples were prepared with solutions of (A) KH2PO4
at 25C or (B) NaH2PO4 at 22.5C. Error bars correspond to 1 SD (n ¼ 3
or 4). Lines are linear fits to data.
Biophysical Journal 105(8) 1848–1859tative agreement with available data (29). At matching csalt
and waq, the lattice parameters of K and Na salt-containing
mesophases differed, on average, by 1 A˚.
Dependence of lattice parameters on the amount of excess
salt solution
At identical values of csalt, lattice parameters were found to
increase with the total amount of solution waq in the mixture
(Fig. 1). These variations likely resulted from the redis-
tribution of salt between the aqueous compartments (the
internal aqueous phase) of the Pn3m mesophase and the
external coexisting bulk aqueous phase, as supported by
two observations. First, because all mixtures studied here
contained excess aqueous phase, this effect could not be
attributed to swelling of the mesophase to accommodate
the increased amounts of the aqueous phase. Using 4aq ¼
0.35 as a crude estimate for the hydration boundary (see
Section S4.1 in the Supporting Material), the volume of
excess aqueous phase varied from ~0 in mixtures formulated
with waq ¼ 40 wt% to approximately three times that of the
mesophase in mixtures with waq ¼ 80 wt%. Second, varia-
tions of the mesophase lattice parameter above the hydration
boundary do not occur in binary MO/water systems, in
agreement with the phase rule (19).
The increasing values of lattice parameters indicate that
csalt for the internal aqueous phase was lower than the nom-
inal value of csalt in the solution used for sample preparation.
Depending on the amount of excess aqueous phase, the
change in the composition of the mesophase could be quite
significant. For example, the lattice parameter of the meso-
phase prepared with 80 wt% (3-fold excess) of 1.3M
KH2PO4 solution corresponds to ~0.8 M on the 40 wt%
trendline (Fig. 1 A). The latter trendline provides the closest
estimate for the true value of csalt in the internal aqueous
phase because those samples are closest to the onset of the
bulk aqueous phase separation.
To the best of our knowledge, this is the first report of salt
depletion from the internal aqueous phase in monoolein
mesophases coexisting with a bulk salt solution. However,
depletion of salt in the water layer within 10 A˚ of uncharged
surfaces was previously observed in other systems, such as
multilamellar phospholipid vesicles (35) and hydroxypro-
pylcellulose films (36,37). Based on Eq. S8, for lattice
parameters of 75–96 A˚ measured here for fully hydrated
MO/salt solution Pn3m mesophases (Fig. 1), the radii
of aqueous channels are in the range of 13–21 A˚. How-
ever, a multitude of interactions have been implicated in
the depletion phenomena in various systems (35–40), and
further work is needed to establish the physical mechanism
behind salt exclusion from the aqueous channels of MO
mesophases.
Because the salt concentration in the mesophase channels
is lower than the nominal value of csalt, in the coexisting
bulk aqueous phase the actual salt concentration must be
higher than the nominal value of csalt. The difference in
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aqueous environments necessarily generates osmotic stress
(35–38). This osmotic stress may be offset by several favor-
able free-energy contributions, such as the curvature elastic
free energy of lipid bilayers (41), lipid tail compression
stress (42–45), and steric repulsion between lipid head-
groups (46).
The mesophase microstructure in MO/salt solution mix-
tures had two notable features: 1), very small lattice param-
eters of Pn3m mesophases (79–96 A˚) that were below those
accessible in the MO/water systems before the Pn3m-Ia3d
transition at ~102 A˚; and 2), a shift of the hydration bound-
ary to lower values of 4aq (26–39 vol%) compared with
MO/water systems (43 vol%). This shift could be related
to the interfacial tension (IFT) within the mesophase, i.e.,
between the bilayers and the internal aqueous phase. IFT
is commonly invoked in the energetics of self-assembly of
amphiphiles (46–48) and may provide a complementary
contribution to the energies of bilayer bending and chain
packing typically considered in phase transitions in lipidic
mesophases (42–45,49,50). However, ion-specific binding
effects may also be important (35,40).
The IFT at the hydrocarbon/aqueous solution interface
likely increases in the presence of phosphate salts, based
on their position in the Hofmeister series (51) and data for
neighboring ions in the series (52). Higher IFT favors a
smaller area per MO headgroup a compared with MO/water
systems to reduce the free-energy penalty of interface for-
mation, producing mesophases with smaller lattice parame-
ters, more curved bilayers, and lower accessible values of
4aq (Fig. S3). The latter signifies the shift of the hydration
boundary to lower hydration levels and the decrease of the
radii of aqueous channels within the mesophase. Increasing
the phosphate salt concentration is likely to further decrease
the preferred headgroup area and to shift the hydration
boundary to lower 4aq values. The occurrence of Pn3m
phases with very low values of lattice parameters instead
of the Pn3m-Ia3d phase transition in salt solutions may be
related to the consistently smaller headgroup area in Pn3m
phases compared with Ia3d phases (Fig. S4).
Available data for other systems lend support to our
hypothesis about the effect of the bilayer/channel IFT on
the lattice parameter of MO mesophases at full hydration
for electrolytes that do not partition into the lipid bilayer.
In MO mesophases prepared with solutions of IFT-
decreasing sodium iodide (51), lattice parameters increased
as the salt concentration increased (30). IFT-increasing
sodium chloride (51), on the other hand, caused a decrease
in lattice parameters (28).
Overall, our data for MO/salt solution systems demon-
strate the complexity of the effects that relatively simple
additives can have on the phase behavior and microstructure
of mesophases compared with purely osmotically driven
MO/water phase transformations (41) that match simple
dehydration behavior.bOG/MO/salt solution systems
Here, we analyzed series of samples with constant bOG/MO
ratios. At a given RbOG/MO, the content of the salt solution
waq in the samples varied from 10 wt% to 80 wt%, covering
compositions below and above the hydration boundary. The
compositions reflected those of mixtures typical in crystalli-
zation trials for the membrane protein bacteriorhodopsin,
where a protein solution containing up to 15% of bOG is
mixed with monoolein in a 60:40 v/v ratio (21), and crystal-
lization is induced by adding a concentrated salt solution.
Thus, the bOG/MO ratio remains fixed throughout the trial
and is independent of the amount of the aqueous phase and
its salt concentration. We used samples with three bOG/MO
ratios: 0.033, 0.066, and 0.099 w/w, corresponding to the
bOG concentrations of 5%, 10%, and 15%, respectively,
in the 60:40 MO/detergent solution mixture. The concentra-
tion of salt in solutions used here, 0.7–1.3 M KH2PO4 and
1.3–2.0 M NaH2PO4, were also within the range used for
crystallization of bacteriorhodopsin (14,21). The range of
salt concentrations for KH2PO4 was limited by its solubility
in water (~1.3 M at ambient temperature).
Competing effects of detergents and phosphate salts on
the microstructure of lipidic mesophases can qualitatively
explain our findings on the locations of phase boundaries
and the values of lattice parameters in quaternary meso-
phases. As discussed above, phosphate salts extend the
range of the Pn3m phase formation to lower hydration levels
compared with MO/water mesophases, and favor meso-
phases with higher bilayer curvature, smaller lipid head-
group area, and smaller radii of aqueous channels.
Detergent additives have the opposite effect (21–27), favor-
ing microstructures with less curved bilayers: cubic phases
form with larger lattice parameters, and the range of the
La phase existence is extended to higher hydration levels.
These trends have been rationalized based on the molecular
shapes of the detergents and MO that form mixed bilayers
within the mesophase (8,21,25,46). The changes in meso-
phase microstructure observed upon the addition of deter-
gents are consistent with a much bulkier headgroup of
bOG compared with MO, and a resultant increase in the
average area per amphiphile headgroup a in the bilayers
(see the Supporting Material).
Trends in the phase behavior
Fig. 2 shows the phase behavior of mesophases as a function
of bOG and salt solution content and sample temperature, as
well as approximate locations of hydration boundaries
established based on the appearance of the samples.
Remarkably, despite the complexity of the quaternary mix-
tures, the sequence of phases in each series was highly reg-
ular, matching that observed for MO/water mesophases at
similar temperatures (19,20). The lamellar La phase formed
in the dry end of the phase diagram. As the amount of
the aqueous phase in the samples increased, an La—Ia3dBiophysical Journal 105(8) 1848–1859
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FIGURE 2 (A and B) The identity of mesophases containingMO, bOG, and phosphate salt solutions as a function of the weight fraction of salt solution waq
at (A) three different bOG/MO ratios and (B) different salt concentrations. K and Na denote KH2PO4 and NaH2PO4, respectively. Mesophases are denoted as
Pn3m (circles), Ia3d (crosses), and La (squares). Superimposed symbols at a given composition indicate coexisting phases. The solid curves indicate approx-
imate locations of hydration boundaries based on the appearance of samples and are drawn to guide the eye. To see this figure in color, go online.
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tion, and at full hydration all mesophases were exclusively
of the Pn3m type. We note that because of the different
detection limits at the different x-ray sources, small amounts
of coexisting phases potentially could have been identified
in single-phase Na-containing samples adjacent to phase
boundaries if a synchrotron x-ray source was used. How-
ever, this would not affect our general conclusions.
The regularity in the sequence of phases likely originated
from the counteracting effects of bOG and phosphate salts
on the curvature of the lipid bilayers, as discussed above,
as well as from the relatively low detergent loading and
salt concentrations in solutions. Previously reported phase
behavior of MO with additives did not necessarily track
that of MO/water mesophases. Depending on the trajectory
in the compositional phase space, both regular sequences of
mesophases similar to those in MO/water systems (21–23)
and combinations of phase types not found in binary MO/
water mesophases have been observed (21,24,27,53).
Coexisting Pn3m and La phases discovered in crystalliza-
tion systems in the vicinity of protein crystals (15) were not
found anywhere in the phase space tested here. Coexisting
Pn3m, Ia3d, and La mesophases were observed in a single
sample in this work, but the lattice parameter of the lamellar
phase was 44 A˚, significantly lower than 50–55 A˚ for the
lamellar mesophase surrounding protein crystals (15). At
the same time, the lattice parameters of Pn3m phases found
here agreed with values of 85–97 A˚ observed in crystalliza-Biophysical Journal 105(8) 1848–1859tion mixtures with protein crystals (14,15). Our findings
provide additional evidence that the combination of coexist-
ing Pn3m and La phases is brought about by the protein
crystals, presumably due to elastic constraints on the bila-
yers in proximity to membrane protein molecules packed
in sheets within the crystal.
The range of mixture compositions in which specific
types of mesophases appear varied as expected based on
the known effects of detergents and phosphate salts. Specific
trends are discussed below.
Dependence of phase behavior on salt concentration at
constant bOG/MO ratio
As the salt concentration increased, the boundaries of all
phases (La, Ia3d, and Pn3m) shifted toward lower content
of the salt solution waq in the mixture (Fig. 2 A), in agree-
ment with the anticipated effect of phosphate salts that
extend the range of cubic phase formation. For example,
in the mixtures with the RbOG/MO of 0.066 w/w, the Ia3d
phase was observed at waq of up to 50% at a salt concentra-
tion of 0.7M KH2PO4, but only at up to 40% at 1.0 and 1.3M
KH2PO4. At the same time, the interval for lamellar phase
existence decreased from waq of 10–40% at 0.7 M
KH2PO4 to waq of 10–20% with 1.0 and 1.3 M KH2PO4.
Systems with other bOG/MO ratios prepared with solu-
tions of KH2PO4 followed similar trends, as did mixtures
with NaH2PO4 solutions of 1.3 M and 2.0 M concentrations
at 20C. An exception among the samples with NaH2PO4
Monoolein/Octylglucoside/Salt Mesophases 1853was the series with the RbOG/MO ratio of 0.033, the lowest
one studied here. At waq of 20 wt%, the trend for this series
was seemingly reversed: a lamellar phase was observed in
the sample with 2.0M NaH2PO4, but not with 1.3M
NaH2PO4. The series with 2 M NaH2PO4 also deviated
with respect to trends for the bOG/MO ratio at a given
salt solution concentration, as described in the following
section. A noticeably lower volume fraction of solution in
mixtures with the higher salt concentration, as well as a
significantly lower water/salt ratio (because the 2 M
NaH2PO4 solution itself contained 25 wt% of salt), could
account for this behavior.
Dependence of phase behavior on bOG/MO ratio at constant
salt concentration
At the same salt concentration, the boundaries for all phases
shifted in the direction of higher salt solution content in the
mixture with increasing bOG/MO ratio (Fig. 2 B), as ex-
pected based on the molecular shape of bOG and its effect
on the mesophase microstructure in ternary MO/bOG/water
systems. The series with the bOG/MO ratio of 0.033 and the
NaH2PO4 concentration of 2 M appeared to be an outlier
again, as the La phase and the Ia3d phase persisted to higher
waq at the bOG/MO ratio of 0.033 than at 0.066.
Comparison with MO/water mesophases
Interestingly, the trends in phase behavior observed upon
increased RbOG/MO or decreased csalt were very similar to
those seen in MO/water mesophases at decreasing tempera-
tures (19,20), although the locations of the phase boundaries
did not match exactly in the two classes of systems. The0
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shows a set of samples with a constant bOG/MO ratio at three different salt sol
(crosses), and La (squares). For Pn3mmesophases, error bars corresponding to 1
the data points. Error bars for Ia3d and La mesophases were consistently smalmajor changes, based on data for systems with KH2PO4,
were as follows: 1), a shift of the hydration boundary to
higher hydration levels, as discussed above; 2), widening
of the La þ Ia3d coexistence region at the expense of 3),
narrowing of the pure Ia3d phase region of the phase dia-
gram; and 4), larger values of lattice parameters (Fig. 3).
The latter indicates a preference for cubic mesophases
with higher hydration levels in both the binary and quater-
nary systems, and could account for observations 1–3. The
pure Pn3m phase region near the hydration boundary in
quaternary systems appeared to remain narrow (Fig. 2),
similar to the behavior observed in the binary MO/water
system. The Pn3m þ Ia3d coexistence was only observed
in a few samples, and related trends were difficult to infer
unambiguously.
Effect of temperature on the phase behavior (samples
containing 1.3 M NaH2PO4)
Of the 24 samples, only two showed phase transitions upon
heating (Fig. 2, A and B) from 20C to 25C. One sample
(RbOG/MO ¼ 0.033, waq ¼ 30%) changed from a mixture
of Pn3m and Ia3d phases to a pure Pn3m phase, consistent
with the phase behavior of MO/water mixtures (19,20),
whereas the other sample (RbOG/MO ¼ 0.099 bOG/MO,
waq¼ 30%) converted from the pure Ia3d phase to a mixture
of coexisting Ia3d and La phases. Lattice parameters fol-
lowed the same trend as observed in MO/water mixtures,
decreasing with increasing temperature in all samples where
a given phase type persisted (Fig. 4). The difference in lat-
tice parameters at the two temperatures over the entire range
of hydration levels became more pronounced as detergentcsalt, K
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1854 Khvostichenko et al.loading increased. For fully hydrated Pn3m mesophases,
the average changes in the lattice parameters between
20C and 25C were 3.2 A˚, 3.8 A˚, and 8.0 A˚, respec-
tively, at bOG/MO ratios of 0.033, 0.066, and 0.099.
Effects of different cations on the phase behavior
A comparison between the effects of the Na or K cation in
quaternary systems can be made at 25C and csalt of
1.3 M. Here, Na had a stronger cubic phase-promoting
effect compared with K: in mixtures with the sodium salt,
the Pn3m mesophase persisted to lower values of waq than
it did in otherwise identical mixtures with the potassium
salt (Fig. 5, A–C). The lattice parameters of mesophases
prepared with NaH2PO4 were smaller than of those prepared
with KH2PO4 under otherwise identical conditions (Fig. 5),
with differences of 4.4 A˚, 13.9 A˚, and 13.6 A˚ at RbOG/MO of
0.033, 0.066, and 0.099, respectively, averaged for waq of
60–80%.
Studies on monoolein (30) and monoelaidin (54),
focusing on the effect of anions, linked the decrease in the
lattice parameters of fully hydrated Pn3m mesophases
with the salting-out efficiency of a given anion in the
Hofmeister series. Both of our observations for cations
(i.e., the persistence of the Pn3m phase and values of lattice
parameters) are at variance with these results, as K is more
salting-out than Na in the original Hofmeister series (55).
However, a similar trend can be inferred for another cation1.3M KH2PO4
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Biophysical Journal 105(8) 1848–1859pair, Na2SO4 and (NH4)2SO4 (29,30), where NH4, which is
more salting-out than Na, has a less pronounced effect on
the lattice parameter.
A potential source of differences between the effects of
cations and anions on the lattice parameter could be drasti-
cally different specific binding to MO bilayers (39), which
increased for anions but decreased for cations in the order
of increasing salting-out efficiency in the Hofmeister series
(40). Specific binding has previously been implicated in
the effect of salts on the behavior of multilamellar phospho-
lipid vesicles (35). However, the types of interactions in
various colloidal systems that underlie the ordering of ions
in the Hofmeister series are not fully understood (37–40).
Further work is required to unequivocally establish the
effect of cations on the lattice parameter of MO mesophases
in relation to the Hofmeister series and the underlying
mechanisms. A data set for a several cations would be
invaluable, since inversions of the salting-out ability for
individual pairs of cations have been reported for other sys-
tems (56,57).
General trends in lattice parameters
Changes in the lattice parameters of mesophases over the
entire range of compositions studied agreed with the antic-
ipated effects of bOG and phosphate salts on the average
packing of amphiphiles in lipid bilayers. An increase in
the bOG/MO ratio caused the lattice parameters to increaset%) waq (wt%)
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Monoolein/Octylglucoside/Salt Mesophases 1855(Figs. 3, A1–A3, and S6, A1–A2), and an increase in csalt
(Figs. 3, B1–B3, and S6, B1–B3) caused the lattice param-
eters to decrease at a given value of waq. The effect of salts
could be partially attributed to the smaller volume of solu-
tions used because of the higher density at higher salt
concentrations. However, lattice parameters showed notice-
ably different quantitative trends below and above full
hydration, as discussed below.
Lattice parameters of mesophases below full hydration
The lattice parameters of mesophases below full hydration
consistently increased with increasing waq in single-phase
as well as in coexisting-phase regions. The latter indicated
that the compositions of coexisting phases varied with the
overall composition in the quaternary systems, presumably
due to the redistribution of additives (detergents and phos-
phate salts) or changes in hydration levels of coexisting
mesophases. Thus, the bOG/MO ratios and salt concentra-
tions in the aqueous compartments of the coexisting phases
must be different from the nominal ones used for sample
preparation. Remarkably, the trends in the phase behavior
as a function of hydration level waq in the quaternary sys-
tems (Fig. 2) remained identical to those in the binary
MO/water system (19,20) and were not affected by these
compositional variations the coexisting mesophases.
The salt solution content waq, rather than csalt or RbOG/MO,
had the prevailing effect on the lattice parameters of La and
Ia3d phases below full hydration (Figs. 3 and S6). Lattice
parameters of lamellar phases dLa at a given salt solution
content differed by less than 3.5 A˚ between all samples and
followed a linear trend, dLa ¼ 0.36waq þ 35.6, regardless
of the presence of the Ia3d phase and the range of the lamellar
phase existence. Another interesting feature of the series in
which the Ia3d phase formed over a wide range of composi-
tions was the near-constant slope of the lattice parameter
(vdIa3d/vwaq) at a given bOG/MO ratio (Figs. 3 and S6).
This slope was nearly independent of the salt concentration
and the presence of coexisting phases of other types. The spe-
cific type of coexisting phase also did not appear to affect the
trend for the lattice parameters of Ia3d phases, as highlighted
by data for samples with RbOG/MO ¼ 0.066, where values of
dIa3d for pure Ia3d, Ia3dþLa, and Ia3dþPn3m samples fell
on the same linear trend. These observations may indicate
that lattice parameters below full hydration were largely
defined by geometric constraints related to the relatively
small volume of the aqueous subcompartments of the meso-
phase rather than optimal molecular geometries for the
amphiphile. In this case, phase separation provides a route
for redistribution of components and formation of bilayers
with more favorable amphiphile packing.
Lattice parameters of mesophases above the hydration
boundary
All mesophases that coexisted with the excess aqueous
phase maintained Pn3m symmetry (Fig. 2). At a fixed waq,changes in salt concentration, bOG/MO ratio, and sample
temperature had a significant effect on the values of lattice
parameters of Pn3m phases, dPn3m (Figs. 3–5 and S6). For
a given value of waq, the variation in dPn3mwas large in com-
parison with the relatively small changes observed for Ia3d
and La mesophases in partially hydrated samples. This was
especially evident in data on the effect of detergent at a
given salt concentration (Fig. 3, A1–A3, and S6, A1 and
A2). In fully hydrated systems, the amount of aqueous solu-
tion within the mesophase and the lattice parameters of the
mesophase are likely determined by optimal packing param-
eters that are strongly affected by detergent content and salt
concentration.
The effects of the amount of excess aqueous phase at
fixed values of RbOG/MO and csalt on lattice parameters of
Pn3m mesophases could not be discerned unambiguously
due to the large uncertainty in the values of lattice param-
eters for several samples (Fig. 3). The maxima that appear
in data sets for samples at low phosphate salt concentrations
(0.7 and 1.0 M of KH2PO4) at waq of 60–70% may be
artifacts brought about by these uncertainties. If those max-
ima are real, they could be related to the redistribution of
both salt and detergent between the mesophase and the
coexisting bulk aqueous phase, and to the effect of salt con-
centration on the solubility of detergent in the bulk aqueous
phase.
Effect of additives on the hydration boundary and lattice
parameters at full hydration
All mesophases in coexistence with excess aqueous phase
were of the Pn3m type (Fig. 2), suggesting that this was
also the mesophase type adopted at the onset of aqueous
phase separation, analogous to MO/water mesophases in a
similar temperature range. The hydration boundaries shifted
in the direction of higher aqueous solution content as the
bOG/MO ratio increased or the concentration of salt
decreased (Fig. 2, A and B). The location of the hydration
boundary appeared to be more sensitive to the bOG/MO
ratio than to the concentration of salt in solution, as
evidenced by more frequent observations of hydration
boundary shifts in data sets with constant csalt and varying
RbOG/MO (Fig. 2 B) than in data sets with constant RbOG/MO
ratio and varying csalt (Fig. 2 A).
As discussed above, the hydration boundary shifts to
lower values of 4aq (or waq) to satisfy geometric/composi-
tional relationships as the lattice parameters decrease.
Conversely, this boundary is also expected to shift to
higher values as the lattice parameters increase. Based on
the dependence of the lattice parameters of Pn3m meso-
phases on bOG loading and KH2PO4 concentration
(Table 1), the latter would have to increase by more
than 0.6 M to offset the effect of increasing the bOG/MO
ratio by 0.033 (the increment used in this work). The
required change in salt concentration is slightly larger
than the range of KH2PO4 concentrations used here. ThisBiophysical Journal 105(8) 1848–1859
TABLE 1 Linear regression coefficients for the dependence
of bOGand phosphate salts on the lattice parameters of ternary
and quaternary Pn3m mesophases at the hydration boundary
Additives kbOG/A˚
a ksalt/A˚
b
bOGc 5.3 –
2M Na/K phosphate and bOGc 1.7 –
KH2PO4 or NaH2PO4
d,e – 1.2
KH2PO4 and bOG
d 6.5 3.3
NaH2PO4 and bOG
d,f 3.4 2.0
NaH2PO4 and bOG
d,g 5.2 2.4
aChange in the lattice parameter of the Pn3m phase per RbOG/MO increase
of 0.01.
bChange in the lattice parameter of the Pn3m phase per csalt increase
of 0.1 M.
cData from Misquitta and Caffrey (21).
dThis work.
eVargas et al. (29) reported a value of 1.4.
fFor RbOG/MO of 0.033–0.066.
gFor RbOG/MO of 0.066–0.099.
1856 Khvostichenko et al.requirement, coupled with the uncertainty in the determina-
tion of the hydration boundary, may explain our observa-
tions regarding the stronger effect of bOG compared with
the effect of salt.
We analyzed our data in the spirit of previously published
linear correlations between lattice parameters of meso-
phases and concentrations of additives (21,29). Our results
demonstrated that data for ternary systems cannot be reli-
ably used to predict results for more complex systems based
on simple linear correlations, as discussed below. These
findings are not surprising given the complex dependence
of the lattice parameter on the geometrical parameters of
the amphiphiles constituting the mesophase (Eq. S7), all
of which depend on the detergent loading and the salt
concentration.
Table 1 summarizes linear regression coefficients, kbOG
and ksalt, for the dependence of lattice parameters on the
concentrations of additives obtained in this work (see the
Supporting Material) and previous studies (21,29).
Our data for the effect of salt in ternary MO/water/
phosphate salt systems are in near-quantitative agreement
with those reported previously (29). In quaternary systems,
on the other hand, salts had a dramatically larger apparent
effect on the lattice parameter of the mesophase, as demon-
strated by the values of respective regression coefficients in
Table 1. The apparent quantitative effects of bOG on the
lattice parameter were similar in the ternary MO/bOG/
water system, in all MO/bOG/KH2PO4/water mixtures,
and in MO/bOG/NaH2PO4/water mixtures with RbOG/MO
of 0.066–0.099. This agreement, however, may be fortu-
itous. Misquitta and Caffrey (21) reported a much smaller
quantitative effect of bOG on the lattice parameter in mix-
tures with 2 M Na/K phosphate (Table 1). The value of
the bOG regression coefficient in MO/bOG/NaH2PO4/water
mixtures with RbOG/MO of 0.033–0.066 was intermediate
between the two.Biophysical Journal 105(8) 1848–1859Implications of observed phase behavior
For membrane protein crystallization
The outcome of a crystallization trial must be determined by
the exact conditions experienced by the protein molecules
within the mesophase. The lattice types and lattice parame-
ters of the mesophase are easily established, and diffracto-
grams may provide information about other parameters
important for crystallogenesis (58,59), such as the size of
aqueous channels and lipid bilayer thickness (60,61). How-
ever, based on our data, an assessment of the exact compo-
sition of the mesophase in crystallization systems and its
effect on crystallogenesis is significantly more difficult.
For example, the viscosity and elasticity of bilayers, and
electrostatic screening between the hydrophilic domains
of the protein may depend on the bOG/MO ratio in
bilayers and the salt concentration within the channels. A
better understanding of the effect of those variables could
provide routes for optimizing crystallization protocols and
improving the success rate of crystallization from lipidic
mesophases.
For the development and assessment of compatibility of
detergents and crystallization screens with in meso
crystallization
Because bicontinuous mesophases are required for mem-
brane protein crystallogenesis in lipidic mesophases, the
compatibility of various crystallization screens and deter-
gents with the formation of bicontinuous mesophases has
been investigated in a number of reports (16,62,63). How-
ever, only a single data set for MO combined with
detergents and precipitants at crystallization-relevant con-
centrations is available (21). The majority of studies focused
on either MO mixed with detergent solutions in a 60:40 v/v
ratio, as in the original protocol for crystallization from
lipidic mesophases (5–9), or for MO mixed with an excess
(usually unspecified) of a multicomponent precipitant solu-
tion. These data (e.g., those obtained for a series of gluco-
side and maltoside detergents (21,23,26)) have been
invaluable for identifying general trends with respect to
the effect of certain components on the microstructure of
MO mesophases and the relative magnitude of this effect.
Our results, however, highlight the difficulty of inferring
the microstructure of the mesophase present in a crystalliza-
tion trial from the effects of individual additives on the
phase behavior of MO under a limited range of conditions.
In agreement with another report (21), our samples with
bOG/MO ratios of 0.033, 0.066, and 0.099 produced Ia3d,
Ia3d þ La, and La phases, respectively, when mixed with
water to match the 60:40 MO/detergent solution ratio,
yet all formed Pn3m cubic phases when mixed with an
excess of a phosphate salt solution in a wide range of con-
centrations csalt. Information on detergent-containing meso-
phases at full hydration in the absence of a precipitant may
provide a relevant starting point for assessing the phase
Monoolein/Octylglucoside/Salt Mesophases 1857behavior in crystallization systems. However, data for MO/
detergent/water mesophases with the hydration varied inde-
pendently of detergent loading are scarce (21–24,27) and
typically cover only a limited section of phase space.
Detailed work on the ternary MO/bOG/system is the only
exception thus far (21,22,24,27). Our results also show
that the quantitative effects of individual components on
the lattice parameter of quaternary MO mesophases at and
above full hydration cannot be easily deduced from data
on ternary systems. Hence, for fine-tuning of lattice param-
eters in crystallization systems, an analysis of the complete
system, including MO, detergents, and precipitants, under
conditions that would be expected during a crystallization
trial will be necessary until reliable modeling approaches
or correlations become available.
Despite the apparent complexity of the ternary and qua-
ternary systems studied here, the interpretation of trends
was relatively straightforward due to the easily discernible
compartmentalization of additives. One additive (salt) re-
mained in the aqueous environment both within and outside
of the mesophase, whereas the second additive (detergent)
was incorporated into the bilayers. If phase type and plau-
sible trends in the variation of the lattice parameters are
the main interest for such systems, partial data on the effects
of individual components may suffice, especially for fully
hydrated mesophases. Commercially available crystalliza-
tion screens, however, contain components that may parti-
tion between both the aqueous compartments and the
bilayers of the mesophase, significantly complicating inter-
pretations of phase behavior. The phase types and the lattice
parameters of lipidic mesophases in these systems may be
expected to depend strongly on the amount of excess precip-
itant in the mixture, further necessitating experimental
studies of the phase behavior to assess the compatibility
of crystallization screens.CONCLUSIONS
We investigated the phase behavior of MO mesophases
mixed with the detergent bOG and sodium or potassium
phosphate salts that are frequently used for crystallization
of membrane proteins from lipidic mesophases The compo-
sitions of mixtures were selected to closely resemble
conditions for membrane protein crystallization in lipidic
mesophases in meso: bOG/MO and salt/water ratios were
kept constant, and the hydration level (the weight fraction
of the salt solution in the mixture) in the mixture was varied.
We also studied MO mixtures with salt solutions without
detergent under conditions of excess aqueous phase.
The quaternary MO/bOG/water/phosphate salt meso-
phases studied here exhibited a remarkably regular
behavior, with a sequence of phases matching that for
MO/water mesophases as a function of aqueous solution
content. The location of phase boundaries and the values
for lattice parameters both above and below the hydrationboundary shifted in agreement with previously established
effects for detergents and phosphate salts on the microstruc-
ture of MO mesophases. The apparent quantitative depen-
dences of lattice parameters of fully hydrated mesophases
on the concentration of additives in the quaternary systems
differed from estimates based on data for ternary MO/water/
additive systems. Hence, it is difficult, if not impossible, to
make a priori quantitative predictions of lattice parameters
in crystallization mixtures based on simple correlations.
Additionally, we found evidence for a redistribution of addi-
tives between the mesophase and the aqueous solution,
potentially causing significant changes in the compositional
makeup of the mesophase, such as the bOG/MO ratio and
the salt concentration in the aqueous channels within the
mesophase.
In summary, our findings strongly suggest that the
compatibility of precipitants with the formation of the cubic
phase necessary for protein crystallogenesis in lipidic mes-
ophases must be probed under conditions that are directly
relevant to crystallization trials, i.e., with detergent present
in the mixture and with a large amount of precipitant. The
exact amount of precipitant in the mixture may be of partic-
ular importance for precipitants containing small molecules
that may partition between both the aqueous and lipidic en-
vironments. The multitude of detergents and precipitants
available, as well as the lack of fine control over the
detergent concentrations in protein solutions used for crys-
tallization, make the parameter space enormous. Recent
developments (62,63) in high-throughput SAXS analysis
of lipidic mesophases may greatly facilitate such studies.SUPPORTING MATERIAL
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